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Abstract 
The occurrence of residual antibiotics in the environment has been a worldwide 
issue and warrants the development of inexpensive yet effective methods for antibiotics 
removal from contaminated water. In this thesis work, the adsorption of four antibiotics, 
namely chlorotetracycline (CTC), oxytetracycline (OTC), ofloxacin (OFL), and 
enrofloxacin (ENR), onto natural vermiculite has been studied using batch (static) and 
column (dynamic) adsorption techniques. The Langmuir and Freundlich isotherm 
models were initially used to explain the adsorption processes. The separation factor 
(RL) values derived from the Langmuir model and the 1/n values derived from 
Freundlich model in the present investigation were less than one, indicating that the 
adsorption of the antibiotics onto vermiculite is favorable. A slightly more sophisticated 
Langmuir-Freundlich was also used to obtain the maximum adsorption capacity since 
the Langmuir model significantly underestimated the capacity. The maximum 
adsorption capacities obtained from the column experiments for CTC, OTC, OFL and 
ENR are approximately 0.79, 1.2, 1.9 and 1.0 mg/g respectively, 10-20% of those 
obtained from the batch equilibrium experiments (8.1, 7.1, 10.3, and 6.6 mg/g for CTC, 
OTC, OFL and ENR respectively). This difference could be attributed to the kinetic 
limitations during column experiments. Results indicate that the low-cost adsorbent 
vermiculite can be used as an economically viable adsorbent for the removal of selected 
antibiotics (CTC, OTC OFL and ENR) from contaminated water. 
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1. Introduction 
Environmental pollution as a consequence of technological advancement has 
become one of the most crucial problems of the century. Pharmaceuticals such as 
antibiotics used in the remedy of many infections are considered as a group of water 
and wastewater pollutants (Braschi et al., 2009, Andreozzi et al., 2005). Globally, the 
use of antibiotics has been estimated at 100,000 to 200,000 tons per year (Wise, 2002). 
Levy (2007) reported that globally approximately 227,000 tons of antibiotics are used 
for agricultural applications, including 70,000 tons used as growth promoters in animal 
feed.  The Animal Health Institute reported that globally only 15,500 tons per year of 
antibiotics (6%) is used as non-therapeutic growth promotors and that 73,500 tons per 
year (29.5%) is used for therapeutic and disease prevention purposes in agriculture, and 
that human use accounts for 161,000 tons per year (64.5%)(Brown et al., 2006). 
Regardless of the exact amount and purpose of usage, it is clear that large 
amounts of antibiotics are used annually around the world. Many antibiotics 
administered to human and livestock are excreted unmetabolized (Halling et al., 1995). 
Ultimately, most of these antibiotics enter the environment through sewage sludge, 
municipal effluents, solid waste, and manure applications. 
Antibiotics are discharged into the environment in several different ways 
(Figure 1). The main source of antibiotics in the environment is the excretion of poorly 
metabolized antibiotics by humans and animals.  Other sources are the disposal of 
unused or unwanted antibiotics from pharmaceutical manufacturing processes (Chang, 
X., et al., 2010; Brown et al., 2006). The excreted and unused antibiotics are entering 
to the aquatic system and polluting both surface and ground waters as well as soils and 
sediments.   
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Figure 1.Origins and principal contamination routes of human and veterinary   
antibiotics. (WWTP: Wastewater treatment plant, DWTP: Drinking water treatment 
plant) (Homem and Santos, 2011) 
 
Due to the extensive use of antibiotics, the occurrence of residual antibiotics in 
the environment is increasing, which is a potential environmental issue (Glassmeyer et 
al., 2009). Antibiotics are detected in hospital effluents, influents and effluents from 
wastewater treatment plants (WWPT), surface and ground waters, soils, sediments, and 
even drinking water (Chang, X., et al., 2010; Kummerer, 2009; Watkinson et al., 2009).  
Antibiotic concentrations were detected at high μg/L ranges in hospital effluents, at sub-
μg/L levels in wastewater, in ng/L to μg/L ranges in various surface and ground waters 
and μg/kg levels in soils and sediments   (Kummerer, 2009; Hernando et al., 2006; Xu 
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et al., 2007). Recently, due to their high toxicity to algae and bacteria at low 
concentrations and their potential to cause resistance amongst the natural bacterial 
population, antibiotics have been categorized as a priority risk group ( Hernando et al., 
2006, Watkinson et al., 2009). Antibiotics in soils and water can potentially disrupt 
bacterial cycles and processes critical to agriculture (soil fertility) and animal 
production (rudimentary processes) or to terrestrial/aquatic ecology  (nitrification and 
denitrification) (Watkinson et al., 2007; Costanzo et al., 2005; DeVries et al., 2015; 
DeVries and Zhang, 2016). 
To treat residual antibiotics in secondary effluents of WWTPs, various methods 
have been developed such as ozonation, chlorination, ultraviolet (UV) irradiation, 
nanofiltration (NF), reverse osmosis (RO) filtration, and adsorption by activated 
carbons and other materials (Le-Minh et al., 2010). Ozonation and chlorination are 
highly effective in antibiotics removal (Adams et al., 2002). However, due to the 
potential transformation of antibiotics into products still biologically active and 
resistant to further ozonation, and due to the possible formation of chlorinated 
byproducts potentially more harmful than the parent compounds, there is a major 
concern with using ozone and chlorine to remove antibiotics (Le-Minh et al., 2010; von 
Gunten et al., 2006). The UV irradiation method tends to be effective only with high 
UV irradiation doses (approximately 20 to 100 times higher than the typical disinfection 
dose) due to existing dissolved organic carbon in wastewater effluent, and dissolved 
organic carbon can also impact rejection of some antibiotics due to fouling in NF/RO 
filtration (Adams et al., 2002; Kim and Tanaka, 2009; Simon et al., 2009). Although 
adsorption with activated carbon can be effective in removing non-polar antibiotics due 
to hydrophobic interaction, removal of more polar or charged compounds are difficult 
to predict due to the additional effects of polar interaction and ion exchange (Le-Minh 
  
4 
  
et al., 2010; Bajpai. and Bhowmik, 2011; Snyder et al., 2003). Photodegradation with 
UV/catalysts or Fenton’s reagent (Elmolla and Chaudhuri, 2010; Gonzalez and  
Esplugas, 2007), adsorption by carbon nanotubes (Wang et al., 2010) or clays (Avisar 
et al. 2010), and ion exchange (Bajpai. and Bhowmik, 2011) have also been used to 
remove antibiotics but all have some limitations. 
Therefore, there is still a need for effective but inexpensive methods to remove 
antibiotics from various contaminated media. Vermiculite is a micaceous mineral, 
chemically identified as a hydrated iron-magnesium-aluminum silicate ((Mg, Fe2+, Al)3 
(Al, Si)4 O10(OH)2 4H2O) (Das, 1991). It is classified as a phyllosilicate, formed by 
weathering or hydrothermal alteration of biotite or phlogopite. The mineral occurs 
naturally in an unexpanded state, and is mined in conventional manner where 
vermiculite ore is milled to the desired particle size. It is 2:1 clay which has two 
tetrahedral sheets for every one octahedral sheet. Vermiculites have very high cation 
exchange capacities (100-150 meq/100g, Table 1) due to substitutions of Al3+ in place 
of Si4+ in the tetrahedral positions, and to a lesser degree to substitutions of Mg2+ and 
Fe2+ in place of Al3+ in the octahedral positions. 
Clay minerals, such as smectites and mixed-layer illites, can expand in volume 
up to 20 times their original volume through adsorption of layers of water between their 
unit cells. Vermiculite contains both Mg2+ and water molecules in the interlayer sites 
and as such it is less expandable than smectites. The tendency for vermiculites to expand 
less than smectites also appears to be generally true of complexes with organic 
molecules (Walker, 1950, and Barshad, 1952). Moreover, they swell less than smectites 
because of their higher charge in the tetrahedral sheets and possess higher elasticity and 
plasticity than kaolin and mica (Das, 1992). 
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Table 1: Cation exchange capacity (CEC) of various clay minerals (Garrels and Christ, 
1965) 
                        Mineral CEC, meq/100g at pH 7 
Kaolinite  3 – 15 
Chlorite 10 – 40 
Illite 10 – 40 
Glauconite 11 -20+ 
Palygorskite 20 – 30 
Allophane 70 
Smectite (Montmorillonite) 70 – 100 
Vermiculite 100 – 150 
 
The price of vermiculite ranges from about $130 to $200 per ton in U.S.A 
(Industrial Minerals, 1997). Vermiculites are mainly used in industrial applications 
such as fire protection, acoustic and thermal insulator, and additives in concrete and 
plaster, packing material, etc. and to a lesser extent in environmental applications. 
As natural vermiculites can occur as mm or greater sized particles (large 
aggregation is a unique property of vermiculite as opposed to most clays which occur 
with grains of diameters less than a few µm) with superior hydraulic characteristics and 
minimal expansion, they are particularly suitable as low-cost natural sorbents for the 
treatment of polluted waters, and/or as barriers to avoid pollutant release.  
The adsorption of two tetracyclines (oxytetracycline and chlorotetracycline) and 
two fluoroquinolones (ofloxacin and enrofloxacin, see Table 2 for abbreviations and 
physicochemical properties) by natural vermiculite was examined in this thesis project. 
OTC and CTC contain an acidic tricarbonyl functional group, an acidic β-diketone 
group, and a basic dimethylamine group. OFL contains a carboxylic acid group and a 
basic piperazinyl group, whereas ENR contains a carboxylic acid group and three basic 
nitrogen groups. The molecular weight and solubility range for the antibiotics are CTC 
> OTC > OFL > ENR.  
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Table 2. Abbreviations and physicochemical properties of the four antibiotics studied. 
Compound Enrofloxacin Ofloxacin OxytetracyclineHCl ChlortetracyclineHCl 
Abbr. ENR OFL OTC CTC 
Formula C19H22FN3O3 C18H20FN3O4 C22H24N2O9∙HCl C22H23ClN2O8·HCl 
MW 359.4 361.4 496.9 515.3 
Structure 
 
 
 
 
pKa 3.85 (carboxylic acid group) 
6.19/7.59/9.86, 3 basic 
nitrogen sites from ring 1 
(nalidixic acid group) to ring 
3 (fluoro group) (Le-Minh, 
2010; Qiang and Adams, 
2004) 
5.97 (carboxylic acid group) 
8.28 (basic piperazinyl group) 
(Drakopoulos, and Ioannou, 
1997) 
3.2 (acidic tricarbonyl group), 
7.46 (acidic beta-diketone 
group), 8.94 (basic 
dimethylamine group) (Qiang 
and Adams, 2004) 
3.33 (acidic tricarbonyl group), 
7.55 (acidic beta-diketone 
group), 9.33 (basic 
dimethylamine group) (Qiang 
and Adams, 2004) 
Solubility 
(mg/L) 
146 (Seedher, and Agarwal, 
2009) 
190 (Bhandari, 2009) 313 (Bhandari, 2009) 630 (Bhandari, 2009) 
log Kow 
1.1  (Tolls, 2001) 0.35 (Tolls, 2001) 
-1.12 (Herbert and Dorsey, 
1995) 
-0.62 (Bhandari, 2009) 
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Table 3: Distribution of antibiotics species at pH 5, 7, and 9 (Lee, 2012). 
pH         % of CTC species 
 00+ -0+ --+ --0 
5 2.09 97.64 0.28 0.00 
7 0.02 77.92 21.96 0.10 
9 0.00 2.36 66.52 31.12 
pH         % OTC species 
  00+  -0+   --+ --0 
5 1.63 98.03 0.34 0.00 
7 0.01 74.03 25.67 0.29 
9 0.00 1.32 45.93 52.74 
pH         % of OFL species 
 0+   -+   -0  
5 90.3 9.7 0.0  
7 8.1 87.3 4.6  
9 0.0 16.0 84.0  
pH         % of ENR species 
5   0+++   -++++    -0++    -00+   -000 
7 6.23 88.06 5.69 0.01 0.00 
9 0.01 10.97 70.8 18.2 0.03 
 0.00 0.01 3.31 84.96 11.73 
 
*The symbol -, 0, or + represents a negatively charged, neutral, or positively charged 
species. 
 
All four antibiotics have multiple pKa values and positive moieties at 
environmentally relevant pH (Table 3). At pH 5, OTC and CTC are predominated (over 
97%) by the (-0+) species, OFL is predominated (> 90) by the (0+) species, whereas 
ENR is predominated (> 88%) by the species (-+++) (Table 3). At pH 7, OTC and CTC 
are still predominated (> 74% and 78% for CTC and OTC respectively) by the (-0+) 
species. For OFL, the major species (87%) is changed to the (-+), whereas the main 
species for ENR (71%) is also changed to (-0++) (Table 3). At pH 9, the main species 
for OTC (46%) and CTC (67%) are the (--+), whereas the dominate species for OFL 
(84%) is (-0) and for ENR (85%) is (-0++) (Table 3). In summary, the four antibiotics 
have their majority of the species (> 90%) with at least one positively charged functional 
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group at slightly acidic to neutral pH (5-7), and there is still a significant fraction of the 
OTC, CTC, OFL and ENR species that possess at least one positively charged 
functional group at a basic pH of 9. 
    Therefore, it was hypothesized that natural vermiculite with negative surface 
charges would be able to retain some of these positively charged antibiotics at 
environmentally relevant pH via a cation exchange mechanism.  
The objective of this study was to determine the adsorption characteristics of 
four antibiotics by natural vermiculite through batch and column experiments. Batch 
adsorption data were fitted with the Langmuir, Freundlich, and Langmuir-Freundlich 
sorption models and the fitted parameter values were discussed.    
 
2. Materials and Methods 
2.1 Adsorbate/Antibiotics:  
 
CTC, ENR, OFL and ENR were the target analytes. CTC, ENR and OFL were 
purchased from Sigma-Aldrich, whereas OTC was acquired from MP Biomedicals.   
Physicochemical properties   of   the   selected compounds were shown in Table 2.   
 
2.2 Adsorbent (Vermiculite): 
 
Natural vermiculite was obtained from the Espoma Company (6 Espoma Rd., 
Millvillle, NJ).  A batch with particle size of 3-10 mesh (2-7 mm, Fig. 2) was used. 
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Figure 2: Vermiculite used in this study. 
Before run any experiment, the vermiculite samples were treated with 0.01N 
HCl to keep the solution pH at about neutral (Appendix A), because the solution pH of 
the raw adsorbent with water was above 10. The manufacturer produces fertilizers, 
therefore, it is suspected that the facility used to process the vermiculite was also used 
to process lime/potassium, thus yielding a high pH for the raw material. 
 
2.2.1 Particle Size Measurement  
One hundred vermiculite particles were randomly taken to measure particle size 
by a ruler. The particles are measured in mm. 
2.2.2 Porosity of Adsorbent: 
Porosity or void fraction is a measure of the void spaces in a material, and is a 
fraction of the volume of voids over the total volume (between 0 and 1, or as a 
percentage between 0 and 100%, typically ranging from less than 0.01 for solid granite 
to more than 0.5 for peat and clay) where the void may contain air or water. Porosity is 
defined by the ratio: 
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𝑛 =
𝑉𝑣
𝑉𝑇
                                                                                                                          (1) 
where Vv is the volume of void-space and VT is the total or bulk volume of material. 
 
2.2.3 Hydraulic Conductivity of Adsorbent:  
Hydraulic conductivity may be defined as the ability with which water is able 
to travel through the soil pores. It constitutes an important property of soil, and its value 
depends largely on the size of the void spaces, which in turn depends on the size, shape, 
and state of packing of the soil particles. A constant head method is used to determine 
the hydraulic conductivity. Hydraulic conductivity was obtained by the following 
formula: 
𝐾 =
𝑉𝐿
𝐴𝑡ℎ
                                                                                                                        (2) 
where V is volume of water collected at the outlet at time t, L is length of the sample, h 
is the hydraulic head, and K is the hydraulic conductivity.  
 
2.2.4 Swelling Behavior of Adsorbent 
To measure the swelling behavior of vermiculite (adsorbent), some sample was 
packed into a graduated cylinder (with some glass fibers loosely on the top of the 
cylinder to prevent particles from floating), saturated with water, and the packed 
volume was re-measured 24 hours later to examine the swelling behavior of the 
adsorbent.  
 
2.3 Methods of Analysis: 
2.3.1 High Performance Liquid Chromatography (HPLC): 
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Filtered samples from both experiments (batch and column) were analyzed by 
high performance liquid chromatography (HPLC). A Waters 2695 separation module 
HPLC and a Waters 996 photodiode array detector was used to determine the initial and 
equilibrium concentrations of antibiotics. A Phenomenex Gemini-Nx 5μ C18 HPLC 
column (150 X 4.60 mm) was used as an analytical column.  Mobile phase A consisted 
of acetonitrile (HPLC grade) and mobile phase B contained pure water buffered at pH 
2 (500 mL Milli-Q water + 0.1mL of 98% sulfuric acid). The gradient elution was run 
as follows: 10% A and 90% B from 0 to 1 minute, linear gradient to 30% A and 70% B 
from 1 to 5 minute, constant at 30% A and 70% B from 5 to 8 minutes, and linear 
gradient to 10% A and 90% B from 8 to 10 minutes. The flow rate of the mobile phase 
was 1 mL/min and the injection volume was 10 μL. The detection wavelengths of the 
antibiotics (OTC, CTC, ENR, and OFL) were at 266.7 nm, 268 nm, 294 nm and 278 
nm, respectively.  
 
2.3.2 Measurement of pH: 
The pH of all the samples at equilibrium and initial solutions for batch and 
column experiments were measured using an IQ125 miniLab pH meter from IQ 
Scientific.  
 
2.4. Batch Sorption Experiments: 
For batch adsorption experiments, 1, 10, 20, 50, 100, 150, and 200 mg/L 
concentrations of CTC, OTC, or OFL from individual stock solution of 200 mg/L (0.4, 
4, 8, 20, 40, 60, 80 mg/L of ENR from a stock solution of 80 mg/L due to solubility 
limitations) were prepared to determine the adsorption of antibiotics. An exact amount 
(0.2 g) of vermiculite was weighted and placed into an amber glass vial and mixed with 
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20 mL of an antibiotic solution of one of the aforementioned concentrations. The vials 
were shaken 24 hours in an orbital shaker at room temperature, and the supernatant was 
filtered with a 0.2 µm polyethersulphone membrane filter. HPLC was used to analyze 
the filtered sample (see above). For each of the concentration duplicate samples were 
prepared, and for each sample duplicate HPLC injections were performed.   
 
2.4.1 Adsorption Isotherms  
Data obtained from batch experiments were analyzed by using the Langmuir and 
Freundlich adsorption isotherm models (Le-Minh, et al., 2010). If the adsorbent and 
adsorbate are in contact for enough time equilibrium will be established between them. 
The equilibrium can be described by the so-called adsorption isotherm, a curve relating 
the equilibrium amount of solute adsorbed onto the surface of an adsorbent to the 
concentration of the solute remaining in the aqueous phase (Marsh, 2006; Steele, 1996). 
The amount adsorbed (mg/g) at equilibrium can be calculated from the 
following equation (Vanderborght and Van Griekenm. 2006; Homem and Santos, 
2011): 
𝑞𝑒 =
(𝐶0 − 𝐶𝑒)𝑉
𝑚
                                                                                                      (3) 
where qe is the amount adsorbed at equilibrium (mg/g), C0 and Ce are the initial and 
equilibrium concentrations in solution (mg/L), respectively, V is the volume of the 
solution (L), and m is the mass of the adsorbent (g). 
 
2.4.1.1. Langmuir isotherm: 
  Langmuir isotherm has a wide application in pollutants sorption processes. It 
assumes that once a site is occupied no further adsorption takes place, and that all 
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adsorption sites have the same probability to be filled. This isotherm is reduced to the 
linear isotherm at low concentrations and it predicts a monolayer a d s o r p t i o n  
capacity at higher concentrations (Kannan, 2001; Hinz, 2001; Deutsch, 1997). 
Based upon these assumptions, Langmuir presented the following equation: 
𝑞𝑒 =
𝑞𝑚 𝐾𝐿𝐶𝑒
(1 + 𝐾𝐿𝐶𝑒)
                                                                                          (4) 
where Ce is the equilibrium concentration of adsorbate (mg/L), qe is the amount 
adsorbed per gram of the adsorbent at equilibrium (mg/g), qm is the maximum monolayer 
coverage capacity (mg/g), KLis the Langmuir isotherm constant (L/mg). 
Langmuir adsorption parameters were determined by transforming the Langmuir 
equation (4) into a linear form: 
1
𝑞
𝑒
=
1
𝑞𝑚
+
1
𝑞𝑚𝐾𝐿𝐶𝑒
                                                                                         (5) 
 
The fitted parameter values (qm, KL and correlation coefficient R2) for the 
Langmuir isotherm were computed from the slope and intercept of the linearized 
Langmuir plot of 1/Ce versus 1/qe. 
The essential features of the Langmuir adsorption isotherm parameter KL can 
be used to predict the affinity between the sorbate and sorbent using a dimensionless 
constant called separation factor or equilibrium parameter (RL), which is expressed 
by the following relationship (Hall, 1966; Malik, 2004):  
𝑅𝐿 =
1
1 + 𝐾𝐿𝐶0
                                                                                                        (6) 
where KL is the Langmuir constant and C0 is the initial concentration.  
The value of RL indicates whether the Langmuir adsorption is irreversible (RL = 
0), linear (RL = 1), unfavorable (RL >1), or favorable (0 < RL < 1) (Kannan and 
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Sundaram, 2001).  
 
2.4.1.2. Freundlich isotherm: 
Freundlich isotherm is an empirical expression that considers heterogeneous 
adsorption on the adsorbent surface (Hutson and Yang, 2000). At low concentrations 
Freundlich isotherm is also linear, whereas at higher concentrations it becomes curved 
reflecting lower adsorption while sites are filled. However, this isotherm does not 
predict a maximum capacity as Langmuir does, so there is no limit on adsorption 
(Kannan and Sundaram, 2001; Hinz, 2001; Deutsch, 1997).  
The Freundlich isotherm equation is given by the following expression: 
𝑞𝑒 = 𝐾𝑓𝐶𝑒
1
𝑛                                                                                                       (7) 
The linearized form of the Freundlich isotherm is expressed as follows: 
𝑙𝑜𝑔𝑞𝑒 = 𝑙𝑜𝑔𝐾𝑓 +
1
𝑛
𝑙𝑜𝑔𝐶𝑒                                                                          (8) 
The constant Kf is an approximate indicator of adsorption capacity, while 1/n 
is a function of the strength of adsorption in the adsorption process (Das, 1992).  
If n = 1 then the partition between the two phases are independent of the concentration. 
If the value of 1/n is below 1 it indicates a normal adsorption. On the other hand, if 
1/n is above 1 it indicates cooperative adsorption (Mohan and Karthikeyan, 1997).  
 
2.5. Transport/Column Experiments: 
  Flow through column experiments were conducted to provide a more realistic 
simulation of dynamic field conditions to evaluate the feasibility to use the clay in 
wastewater purification systems or permeable reactive barriers. 
To determine the breakthrough curves of antibiotics, four columns (8 cm long 
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and 1.5 cm diameter, Kontes, Vineland, NJ) were filled with acid treated vermiculite 
(1.8±0.1g). Prior to experimentation, the whole systems were purged with CO2 to avoid 
air entrapment. 
The packed vermiculite columns had a PV of 9.8 mL and a porosity of 0.7. 
Solutions of CTC, OTC, OFL and ENR (1.0 mg/L) were prepared and were injected at 
the bottom of the columns at a linear velocity of 1.2 m/d for 8 days by a Masterflex 
peristaltic pump. Effluent samples were collected periodically (every 2 hours during 
day time) using glass vials and analyzed via HPLC. Effluent samples were also 
collected intermittently to determine the solution pH.  
The time for breakthrough appearance and the shapes of the breakthrough curve 
are very important characteristics for determining the operation and the dynamic 
response of an adsorption column. The breakthrough curves show the loading behavior 
of antibiotics to be removed from solution in a fix bed and is usually expressed in terms 
of adsorbed antibiotics concentration equal to inlet antibiotics concentration minus 
outlet antibiotics concentration (Ct) or normalized concentration defined as the ratio of 
effluent antibiotic concentration to inlet antibiotic concentration (Ct/C0) as a function 
of time or volume of effluent for a given bed height (Hutson, 2000).  
  The area under the breakthrough curve (A) obtained by integrating the adsorbed 
concentration versus time (min) plot can be used to find the total adsorbed antibiotic 
quantity (maximum column capacity).  
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3. Results and discussion: 
3.1 Physical/Hydrological Properties of Vermiculite: 
 
The physical/hydrological properties of the vermiculite used in research are 
summarized in Table 4.   
 
  Table 4: Hydrological properties of the vermiculite used in this study 
Physical/Hydrological Properties Vermiculite 
 Particle size   3.62±1.08 mm 
 Porosity   0.7 
   Ph 
 
Ph 
  6.50 - 7.0 
Hydraulic Conductivity 0.1198 cm/s 
 
Frequency distribution indicates in percentage the amounts of particles existing 
in respective particle size intervals after the range of particle sizes is divided into 
separate intervals. The most frequent particle size is 3 mm and the least frequent particle 
size is 7 mm (Figure 3). The standard deviation is 1.08 and the average particle size is 
3.62±1.08 mm (Table 4, Appendix B).  
 
  Figure 3: Size distribution of the vermiculite used in the study. 
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The particle size range of the vermiculite used here is similar to fine gravel (2.0-
6.3 mm, Table 5). The typical clay mineral particle size range is less than 0.002 mm but 
because vermiculites often occur as large aggregates the particle size could be tailored 
to the size of fine gravel, which is unique for this particular clay mineral. 
Table: 5 International scales for soil (ISO, 2002). 
 
Name  Size Range (mm) 
Very course soil  200-630 
Course soil 
 
 
 
 
 
Gravel 
 
Coarse 20-63 
Medium 6.3-20 
Fine 2.0-6.3 
Sand 
 
Coarse  0.63-2.0 
Medium 0.2-0.63 
Fine 0.063-0.2 
Fine soil Silt Coarse 0.02-0.063 
Medium 0.0063-0.02 
Fine 0.002-0.0063 
 Clay  ≤0.002 
 
The porosity range for clay mineral is 0.40 – 0.70 (Table 6). For the batch of 
vermiculite used here, the determined porosity was 0.7 (Table 4), which is within the 
range of typical clays. It is noted however, that for typical clays the pore spaces are 
often disconnected and as a result the hydraulic conductivity is very poor (Table 7).  For 
unconsolidated sediments the highest hydraulic conductivity is for well-sorted gravel 
(10-2 – 100 cm/s) whereas lowest hydraulic conductivity is for clay (10-9 – 10-6) (Table 
7). However, for vermiculite the hydraulic conductivity is very high (similar to well-
sorted gravel). It is noted that after 24 hours the vermiculite sample saturated in water 
only expanded by 6% (Appendix E), and the hydraulic conductivity remained at 0.12 
cm/s, which is orders of magnitudes higher than other clay minerals (Table 7). As such, 
vermiculites can be used in flow-through applications such as packed filters or 
permeable reactive barriers. 
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Table 6: Range of Porosity Values (Freeze and Cherry, 1979) 
Soil Type Porosity, Pt 
Unconsolidated deposit  
Gravel 0.25 – 0.40 
Sand 0.25 – 0.50 
Silt 0.35 – 0.50 
Clay 0.40 – 0.70 
 
 
Table 7. Intrinsic permeabilites and hydraulic conductivities for unconsolidated 
sediments (Freeze and Cheery, 1979). 
 
Material Intrinsic 
Permeability (darcys) 
Hydraulic 
Conductivity (cm/s) 
Clay 10-6 – 10-3 10-9 – 10-6 
Silt, sandy silts, clayey sands, till  10-3 – 10-1 10-6 – 10-4 
Silty sands, fine sands 10-2 – 100 10-5 – 10-3 
Well-sorted sands, glacial outwash  100 – 102 10-3 – 10-1 
Well-sorted gravel 101 – 102 10-2 – 100 
 
3.2 Adsorption Isotherms: 
 
 As it was mentioned previously, the isotherms signify the relationship between 
adsorption capacity and concentration at equilibrium. Adsorption isotherms are 
described by some constants which represent the affinity and surface specification of 
adsorbent to sorbate. Langmuir and Freundlich isotherms are two common adsorption 
isotherms which are studied in this present work.  
The adsorption isotherms of different antibiotics (CTC, OTC, OFL and ENR) 
unto vermiculite are presented in Figures 4-7, and the fitted parameters from the Langmuir 
and Freundlich models are tabulated in Table 8 and Appendix F-I.  
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Table 8: Langmuir and Freundlich Isotherm parameters for the adsorption of four 
antibiotics unto vermiculite 
 
Antibiotics Experimental  Langmuir Isotherm  Freundlich Isotherm 
 qm, mg/g qm, 
mg/g 
KL, 
L/mg 
R2 1/n Kf R2 
CTC 5.1 4.0 0.11 0.996 0.52 395.6 0.953 
OTC 4.6 4.1 0.13 0.998 0.53 397.1 0.914 
OFL 7.0 3.8 0.84 0.999 0.47 855.9 0.959 
ENR 3.2 2.3 0.15 0.999 0.70 234.5 0.982 
 
From Table 8 it is seen that the R2 values for the linearized Langmuir model fit 
are very high (>0.996). However, when the simulated curves were plotted together with 
the experimental data, it is clear that the fit is actually quite poor and the model 
significantly underestimate the maximum adsorption capacity (Figures 4-7). The R2 
values for the linearized Freundlich model fit (0.91-0.98, Table 8) are lower than those 
of the linearized Langmuir model but the actual fit is better in most cases (still not quite 
satisfactory) than the Langmuir model (Figures 4-7).  
 
 
         Figure 4: Adsorption isotherm of CTC onto vermiculite at pH 7 with model fits. 
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           Figure 5: Adsorption isotherm of OTC onto vermiculite at pH 7 with model fits. 
 
 
 
 
 
            Figure 6: Adsorption isotherm of OFL onto vermiculite at pH 7 with model fits. 
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   Figure 7: Adsorption isotherm of ENR onto vermiculite at pH 7 with model fits. 
 
The value of RL indicated the type of Langmuir isotherm to be irreversible (RL 
= 0), linear (RL = 1), unfavorable (RL >1), or favorable (0 < RL < 1) (Drakopoulos and 
Ioannou, 1997). From the data in Appendix F-I it can be seen that the values of RL in 
the present investigation were all between 0 and 1, indicating that the adsorption of the 
four antibiotics onto vermiculite is favorable. 
For the Freundlich adsorption isotherm, the values of 1/n for all the four 
antibiotics are below one (Table 8), also indicating that the sorption of the antibiotics 
unto vermiculite is favorable.  
Since neither the Langmuir nor the Freundlich model described the data 
satisfactorily, a slightly more sophisticated model, the Langmuir-Freundlich (L-F) 
model (Marczewski et al., 1988) was used to fit the isotherms. Non-linear regression 
was used to derive the fitting parameters. Langmuir-Freundlich (L-F) sorption isotherm 
is expressed as follows: 
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heterogeneity parameter of the site energies. The L-F model provides the maximum 
adsorption capacity (qm) and the values are tabulated in Table 9. 
The maximum antibiotic uptake (qm) at pH 7.0 derived from the L-F model is 
8.1, 7.1, 10.3, and 6.6 mg/g for CTC, OTC, OFL and ENR, respectively (Table 9). 
Although these values are lower than the 27 mg/g which was determined for OTC 
adsorption on montmorillonite (Kittrick, 1971) and 140 mg/g for tetracycline sorption 
unto rectorite (Chang, et al, 2009), both are clay minerals with small particle size, very 
poor hydraulic conductivity, and high swelling properties. Because of low hydraulic 
conductivity (10-9 – 10-6 cm/s), these clay minerals are not permeable to flow and 
therefore could not be used in flow through systems. In contrast, vermiculite has some 
unique properties such as high hydraulic conductivity (0.12 cm/s), less expanding 
properties, large particle size (2-7 mm) (Appendix B),  and high porosity (0.7), all of 
which allow it to be used in flow through applications. 
Table 9: Comparison of the maximum adsorption capacity (mg/g) of zeolite (Lee, 2012) 
and vermiculite (this study) derived from L-F model, and from column experiments. 
Antibiotics Zeolite vermiculite, batch Vermiculite, column 
CTC 4.7±0.2 8.1±3.3 0.79±0.2 
OTC 7.8±0.3 7.1±2.3 1.21±0.3 
OFL 8.4±0.6 10.3±2.8 1.93±0.1 
ENR 5.4±0.3 6.6±1.9 1.03±0.3 
 
 
 
From Table 9 it can be seen that at pH 7 the maximum adsorption capacity of 
this batch of vermiculite for the four antibiotics are similar to the capacity of the batch 
of zeolite used by Lee (2012). This similarity may reflect the similar external cation 
exchange capacities (CECs) of the two minerals. Total CECs for zeolite vary from 25 
to 300 meq/100g (Ming and Mumpton, 1989) and external CECs typically range from 
10 to 50 percent of the total CECs (Bowman et al., 1995). The external CEC for the 
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batch of zeolite used by Lee (2012) is about 11 meq/100g. For vermiculite, total CECs 
vary from 100 to 150 meq/100g whereas external CECs typically range from 8 to 10 
percent of the total CECs (Alexiades and Jackson, 1965). Even though the external CEC 
was not determined for this batch of vermiculite, it is speculated that the value would 
be similar to the value of the zeolite (i.e., ~ 10 meq/100g). 
 
3.3. Transport/Column Experiments:  
 
Flow through column experiments were conducted to provide a more realistic 
simulation of dynamic field conditions to evaluate the feasibility to use the clay in 
wastewater purification systems. The time to full breakthrough was about 651, 857, 909 
and 1063 PVs for ENR, CTC, OFL, and OTC respectively (Figure 8). The maximum 
adsorption capacities obtained from the column experiments for the four antibiotics are 
approximately 10-20% of those obtained from the batch equilibrium experiments (Table 
9). This difference could be attributed to the kinetic limitations during column 
experiments. For instance, in batch experiments the antibiotics were allowed to contact 
the vermiculite for overnight whereas in the column experiments the contact time is 
only about 10 min. The large particle size and resulting large pore sizes may also lead 
to preferential flow, limiting the amount of antibiotics that could reach the particle 
surface where adsorption occurs.  
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   Figure 8: Breakthrough curves for four antibiotics onto vermiculite. 
 
4. Environmental Implications: 
The lab sorption experiments proved that vermiculite could be an effective and 
inexpensive adsorbent for antibiotics removal from contaminated water. Natural 
vermiculite could see many applications in removing selected antibiotics. For instance, 
vermiculite could be used as a filter medium in wastewater treatment plants to treat 
secondary effluent. It could also be used as the filtration bed in artificial recharge ponds 
where municipal wastewater is recharged to groundwater (wastewater reclamation and 
reuse).  In addition, it could also be used as a bedding material in animal feedlots or as 
a feed additive so that antibiotics could be retained before leaching to soils.   
 
5. Conclusions and Future Work: 
From the batch and column experiments it can be stated that natural vermiculite 
could be an effective and inexpensive adsorbent for antibiotics removal from 
contaminated water. Further research should examine the mineralogy and surface 
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characteristics (CEC etc.) before and after adsorption to better understand the 
mechanism that caused the adsorption of antibiotics onto vermiculite. The stability of 
adsorption (i.e., whether interaction with cations will desorb antibiotics) and 
competitive adsorption within antibiotic mixtures should also be examined.  
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Appendix A: pH Management of Vermiculite 
 
             pH                       Time 
            4.69 30 min after addition of 200 ml 0.01N HCl 
            3.42 30 min after addition of 100 ml more 0.01N HCl 
            4.59 After rinse with 100 ml of DI water 
            5.28 After rinse with 50 ml of DI water 
            6.14 After rinse with 50 ml of DI water 
            6.42 After rinse with 50 ml of DI water 
          6.94 0.2g oven dried sample + DI water 
          7.37 After 90 hours with 0.2g sample+20 ml DI water 
 
 
Appendix B: Particle size of 100 vermiculite particles examined. 
mm mm Mm mm mm mm mm mm mm Mm 
4.0 3.0 3.5 3.5 3.0 2.0 3.5 3.5 3.0 6.5 
2.5 3.0 3.0 4.5 3.5 3.0 3.0 3.0 2.5 3.5 
3.0 4.5 2.5 4.0 4.0 3.0 2.5 4.5 4.0 6.0 
4.0 3.0 3.5 3.0 2.0 3.0 3.0 3.0 5.0 6.0 
2.5 3.0 3.5 2.0 3.5 2.5 3.5 5.5 3.5 4.0 
3.0 3.0 6.5 4.5 5.5 3.0 2.0 4.0 4.0 2.5 
3.0 2.5 3.5 4.0 3.0 3.0 3.5 4.5 3.0 5.0 
3.0 4.5 4.5 5.0 3.5 2.0 4.5 4.5 3.5 7.0 
3.0 3.5 3.5 2.0 5.5 2.0 5.0 5.0 4.0 3.0 
3.0 2.5 2.5 4.0 6.0 2.5 3.5 5.0 3.5 4.0 
 
 
 
Appendix C: Measurement of hydraulic conductivity of vermiculite: 
 
At Initial time After 24 hours 
A(∆h/∆l)  Q(ml/s) A(∆h/∆l)  Q(ml/s) 
28.05 5.47 28.05 5.47 
39.36 6.88 39.36 6.88 
50.67 8.18 50.67 8.18 
Hydraulic Conductivity 0.1054 cm/s Hydraulic Conductivity 0.12 cm/s 
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                Appendix D: Graph for Discharge to Hydraulic Gradient 
 
 
 
Appendix E: Swelling Behavior of Adsorbent/vermiculite 
Time Sample Volume (ml) 
Initial time 50 
After 24 hour 53 
% expand after 24 hour = 6% 
 
 
 
Appendix F: Parameters obtained from Langmuir & Freundlich models of 
CTC adsorption onto vermiculite. 
  
Co, 
mg/L 
Ce, 
mg/L 1/Ce Log Ce 
qe, 
mg/kg 1/qe Log qe RL 
1 0.3671 21.395 -0.435 159.43 0.0062 2.20 0.95 
10 1.6871 2.347 0.227 742.07 0.0013 2.88 0.81 
20 6.1454 0.227 0.789 1416.8 0.0007 3.15 0.54 
50 30.138 0.064 1.479 1985.4 0.0005 3.30 0.19 
100 65.967 0.020 1.819 3358.3 0.0003 3.53 0.10 
150 105.92 0.013 2.025 4340.4 0.0002 3.64 0.06 
200 149.51 0.008 2.175 5122.81 0.0002 3.71 0.04 
 
 
 
 
 
y = 0.1214x + 1.9231
R² = 0.9999
y = 0.1198x + 2.1234
R² = 0.9994
4
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Appendix G: Parameters obtained from Langmuir & Freundlich models of 
OTC adsorption onto vermiculite. 
 
        
C0 
mg/L 
Ce, 
mg/L 1/Ce 
Log 
Ce 
 qe 
mg/kg 1/qe log qe  RL 
1 0.202 4.96 -0.695 102.35 0.00977 2.011 0.90 
10 1.75 0.573 0.242 829.05 0.00121 2.919 0.49 
20 5.25 0.190 0.721 1469.33 0.00068 3.167 0.32 
50 28.18 0.035 1.45 2184.57 0.00046 3.339 0.16 
100 59.72 0.017 1.78 4032.06 0.00025 3.606 0.09 
150 107.94 0.009 2.03 4199.60 0.00024 3.623 0.06 
200 154.62 0.007 2.19 4553.43 0.00022 3.658 0.04 
 
 
Appendix H: Parameters obtained from Langmuir & Freundlich models of 
OFL adsorption onto vermiculite. 
 
        
C0, 
mg/L 
Ce 
mg/L 1/Ce Log Ce qe, mg/kg 1/qe Log qe RL 
1 0.047 21.40 -1.33 142.14 0.00703 2.153 0.5 
10 0.426 2.35 -0.371 992.15 0.00101 2.997 0.091 
20 4.406 0.227 0.644 1533.80 0.00065 3.186 0.048 
50 15.67 0.064 1.19 3320.74 0.00030 3.52 0.020 
100 49.99 0.020 1.70 5029.95 0.00020 3.70 0.010 
150 79.62 0.013 1.90 7088.97 0.00014 3.85 0.007 
200 129.27 0.008 2.11 7047.87 0.00014 3.85 0.005 
 
 
Appendix I: Parameters obtained from Langmuir & Freundlich models of 
ENR adsorption onto vermiculite. 
 
        
C0, 
mg/L 
Ce,  
mg/L 1/Ce Log Ce 
 qe, 
mg/kg 1/qe Log qe RL 
0.4 0.104 9.66 -0.985 34.90 0.0287 1.54 0.95 
4 1.145 0.874 0.059 319.25 0.0031 2.50 0.64 
8 2.35 0.426 0.370 567.07 0.0018 2.75 0.48 
20 8.41 0.119 0.925 1179.64 0.0009 3.07 0.27 
40 20.73 0.048 1.32 1853.36 0.0005 3.27 0.15 
60 33.85 0.030 1.53 2546.60 0.0004 3.41 0.11 
80 49.25 0.020 1.69 3156.31 0.0003 3.50 0.08 
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Appendix J: Linear equation of Langmuir Adsorption Isotherm for four antibiotics 
adsorption unto vermiculite (pH 7). 
 
 
 
 
Appendix K: Linear equation of Freundlich Adsorption Isotherm for four 
antibiotics onto vermiculite (At pH 7). 
 
 
 
 
 
 
 
 
y = 0.0022x + 0.0003
R² = 0.9964
y = 0.0019x + 0.0002
R² = 0.9994
y = 0.0003x + 0.0003
R² = 0.9964
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                    Appendix L: Effluent pH for consecutive 8 days in the column  
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